Intramolecular manipulation of single molecules on a surface with a scanning tunnelling microscope enables the controlled modification of their structure and, consequently, their physical and chemical properties. This review presents examples of intramolecular manipulation experiments with rather large molecules, driven by directional, i.e. chemical or electrostatic, forces between tip and molecule. It is shown how various regimes of forces can be explored and characterized with one and the same manipulation of a single molecule by changing the tip-surface distance. Furthermore, different deposition techniques under ultrahigh vacuum conditions are discussed because the increasing functionality of such molecules can lead to fragmentation during the heating step, making their clean deposition difficult.
Introduction
The manipulation of single molecules with the scanning tunnelling microscope (STM) enables the study of its properties in a specific, well-defined atomic-scale environment, which is not possible with methods that average over a large number of molecules. This is a very important prerequisite for a detailed understanding of physical and chemical processes at the nanoscale, but also for the development of molecular machines. Such molecules, consisting of functional components, are a fascinating challenge in molecular nanotechnology [1] and the design of such a machine requires an elementary knowledge of its mechanical motion [2] . The scanning tunnelling microscope [3] allows us not only to characterize and precisely image a single molecule and its surrounding area on a surface with sub-molecular resolution but also to obtain information about its electronic and vibrational structure. Moreover, it can act as a tool to manipulate single molecules (and atoms) and thus to probe their functions [4] [5] [6] [7] [8] . Such an STM manipulation, for the first time reported by Eigler and Schweizer in 1990 [9] , allows the controlled displacement of single atoms [10, 11] , molecules [6, 12, 13] or molecular assemblies [14, 15] on a surface and consequently the construction of nanostructures or 'writing' at the atomic scale [9, 16] . Experiments show that various mechanisms and interactions can drive the manipulation processes. Molecular displacement or conformational changes within a molecule can be achieved by interatomic forces between the STM tip and atom or molecule [6, 10, 17] . The applied bias voltage in the STM junction causes a huge electric field, due to the small electrode distance. It has been shown that this electric field can, for instance, cause diffusion [18, 19] or desorption [20] of molecules adsorbed on surfaces.
This review focuses on the deposition and the intramolecular manipulation of organic molecules on surfaces under ultrahigh vacuum conditions. These molecules carry specific (e.g. mechanical or electronic) functions and are thus rather large. Manipulation experiments are done at cryogenic temperatures around 7 K. Low temperatures are advantageous for such experiments, which require the suppression of thermal motion of atoms and molecules and high experimental stability. The intact deposition of large molecules under such ultrahigh vacuum conditions is not a trivial task, because the conventional heating procedures-for sublimation or evaporationrequire rather high temperatures. Hence, the deposition step is essential in such experiments and is therefore discussed separately in section 2, while manipulation experiments are presented in section 3.
The manipulation experiments are done by direct chemical or electrostatic forces between tip and molecules. They cause, in contrast to a lateral dislocation on the surface [21] , changes of the internal molecular structure such as, for instance, the rotation of a molecular side group, changes in the bond angles or isomerization. These processes can be accompanied by modifications of the physical or chemical properties, which render the investigation of such elementary processes at the single molecule level highly interesting.
Inelastic electron tunnelling processes would exceed the scope of this review and are not discussed. In these processes, the tunnelling electrons (forming the current that is flowing between tip and sample) are inelastically scattered and lose energy, which can enable intramolecular manipulation [22] . In this way, various changes can be induced, such as, for instance, molecular rotation [23, 24] , molecular vibration [25] , bond rotation [26] , isomerization [27] , conformational changes [28] or chemical reactions [29] [30] [31] [32] [33] .
Deposition of large molecules
An important step in the STM manipulation of functionalized molecules is their deposition onto surfaces under ultrahigh vacuum conditions, where intact molecules adsorb in an atomically clean environment. The temperature of the sample during this deposition determines the diffusion and therefore the growth mode of the molecules. This is of particular importance for surfaces with very low diffusion barriers, such as, for instance, NaCl films. The deposition of rather small molecules (the diffusion barrier typically increases with the molecular size) onto thin NaCl films therefore requires very low sample temperatures [34] . This condition can only be met if deposition is done directly in the low temperature STM chamber and thus requires specific chamber set-ups, where the molecular evaporator has access to the cooled STM part [35, 36] . The most common deposition method is based on evaporation or sublimation (depending on the vapour pressure and melting point of the molecules) from a so-called Knudsen cell. This cell, a small volume containing the molecular substance, is heated by a filament until a sufficient vapour pressure is achieved and the molecules leave the Knudsen cell through a hole towards the sample. Careful degassing of the cell ensures low background pressures and thus a very clean deposition.
However, any functional molecule, which is of interest for future applications in nanotechnology, will exhibit a certain complexity [37] . Hence, the molecular weight is raised due to the embedded functions. As a result, the conventional deposition of molecules from a Knudsen cell becomes difficult, because the thermal energy injected into the molecules reaches the range of the intramolecular binding energies. Beyond a specific size, the molecules dissociate rather than sublime and molecular fragments are deposited instead of intact molecules. It is therefore necessary for the investigation of large molecules to use alternative methods that allow, on the one hand, the controlled deposition of very small coverages (in the submonolayer range) and, on the other hand, clean conditions. One way to avoid, or rather suppress, molecular fragmentation during the deposition is the so-called 'rapid heating' technique [38, 39] . It is based on the idea that the fragmentation and desorption rate (in a first approximation given by the exponential function f in figure 2.1(a)) of the molecules have a different activation energy E o and thus depend differently on the temperature. Thus, although the base rate f o and the activation energy E o of the two processes are unknown, it is reasonable to assume that their curves cross somewhere in the rate versus 1/temperature diagram (as marked by an arrow). Accordingly, the high temperature range offers conditions for the deposition of intact molecules, because the desorption rate overcomes the fragmentation rate. In the Knudsen cell, thermodynamic processes occur rather slowly and this high temperature range cannot be reached without dissociation of the major part of the molecules. In contrast, a very fast temperature increase would suppress this fragmentation and the conditions for relatively high desorption rates (in any case clearly larger than the fragmentation rate) are met. Figure 2 .1(b) shows the experimental set-up for this technique: a filament, which is covered with the molecules (after dipping it into a solution of molecules and subsequent drying from the solvent), is briefly heated by a current pulse I (t) of several A for a period of several hundred milliseconds. If a sufficiently high temperature range is reached, intact molecules are deposited onto the sample by this method.
The deposition of molecular wheelbarrows is a challenging task, because of their large molecular weight. This complex molecule, shown in figure 2.2, consists of a polyaromatic central platform with two wheels, which are connected by an axle. Two 3,5-di-tert-butyl phenyl groups, considered as two legs that should maintain the polyaromatic board away from the surface by staying perpendicular to the polyaromatic platform, are connected to the board. Furthermore, two 4-tert-butyl phenyl groups are added to the end of the central platform to act as handles of the barrow. The most important feature of the molecule are the wheels [43] , which are able to rotate around the σ -bond (i.e. their wheel axis) so that they should enable a lateral motion of the entire molecule on the surface by rotation, in analogy with a real macroscopic wheelbarrow. During deposition from a conventional Knudsen cell (at 800 K), these molecules only fragment and no intact molecules are found on the surface [40] .
If the 'rapid heating' technique (6 A for 600 ms) is used instead, intact wheelbarrow molecules can be sublimed and imaged with the STM (figure 2.2(c)). Their appearance is in very good agreement with calculated images (d) and can therefore be assigned to a particular conformation. It is dominated by the characteristic features of the molecule: two lobes assigned to the triptycene wheels and another bump (on the left side of the image) from one of the 3,5-di-tert-butyl phenyl groups. The relatively large size of these groups (see figure 2.2(b) is the reason why they dominate the images. The conformation of the molecule in figure 2.2(c) is the most common on the surface, but-as the molecule is rather complex-there also other stable conformations, which could be identified on the surface [42] .
Although the purity of the wheelbarrow molecules after synthesis [41] was determined to be higher than 99.5%, a side-product could be detected by mass spectrometry: two triptycene wheels connected by a C≡C-C≡C linker (a socalled 'wheel-dimer' [43] ), which are observed in the STM images. Interestingly, the presence of these low molecular weight contaminants leads to cycloaddition reactions on the metallic surface, which acts as a catalyst [40] .
As a result, highly symmetric trimer and tetramer molecules are formed in situ. Their chemical structure is revealed from a comparison with STM image calculations. The observation of this chemical reaction shows that large nanomachines, which exhibit a variety of functional subunits, must be deposited very carefully in order to avoid the formation of side products.
Even though the 'rapid heating' technique suppresses molecular fragmentation and thus extends the molecular weights that can be deposited intact onto surfaces, it still includes heating of the molecules at the sublimation stage. This is not the case for the so-called pulse valve technique, which was successfully used for the deposition of large molecules such as DNA [44] , polymer chains [45, 46] , carbon nanotubes [47, 48] and nanocrystals [49] . The experimental set-up is presented schematically in figure 2.3(a). The molecules are deposited in a solution from air atmosphere onto the sample kept under UHV conditions. The solution is not exposed to any heating procedure, thus avoiding any thermal dissociation of the molecules, a clear advantage to the methods discussed above. The valve, which has a small orifice of about 50 μm, is opened for very short periods in the millisecond range and the saturated solution enters into the chamber.
The role of the solvent becomes important if rather small molecules are deposited where their size reaches the order of the solvent molecules. In most of the studies done with small molecules in the past, STM images have been taken at room temperature, so that the solvent is not resolved and appears as fuzzy lines (due to its high mobility) [50] . Recently, the preparation by pulse injection has been investigated for the first time with a low temperature STM, working at cryogenic temperatures of 8 K, where the diffusion of the solvent molecules is frozen [51] . Hence, the cleanliness of the substrate (after solvent desorption) can be studied.
The molecules chosen for this study were Cu-tetra-3,5-di-ter butyl phenyl porphyrin (Cu-TBPP) molecules. They consist of a central porphyrin ring and four phenyl-based lateral groups, which act as 'legs'. The legs can rotate around their σ -bond, leading to characteristic conformations on metal surfaces therefore and appearances in STM images [52] . At large coverages, Cu-TBPP islands are formed by selfordering processes, where molecules grow according to their chemical properties [53] . The cleanliness of such a layer is of fundamental importance as contamination within an island would perturb the periodicity and deform the structure.
Directly after deposition (six pulses with 116 ms opening time each), disordered structures were observed in the STM images and no Cu-TBPP molecules could be identified [51] , which was explained by the large amount of solvent present on the surface (note that the number of adsorbed solvent molecules is probably much larger than that of Cu-TBPP). Subsequently, soft annealing to 220
• C (for 5 min) was used to clean the surface from the solvent, whereas the molecules do not desorb. STM images of the resulting surface structures show highly ordered molecular layers (figures 2.3(b) and (c)), which completely cover the surface. Each molecule consists of eight lobes, which reflect the spatially extended tert-butyl groups (two attached to each of the four phenyl rings), while the central porphyrin ring is not visible (due to the smaller height and, in particular, to the electronic decoupling from the surface by the legs), in good agreement with experimental results and calculations of single molecules [52] .
The molecules therefore lie flat on the surface, having all phenyl rings parallel to the substrate, when adsorbing in a complete layer. This appearance has been proven by comparison with results obtained by deposition from a conventional Knudsen cell [51] .
Although the molecular layers reveal a very high order and perfect cleanliness, small amounts of contaminants were found at the boundary between different ordered domains (as in figure 2 .3(b)). These boundaries offer energetically preferred adsorption sites to contaminants or rest solvent molecules, as they accumulate in these regions or at step edges. Note that no solvent molecules are visible on the ordered layer, although their diffusion is suppressed at the low temperature of 8 K of the present measurements. This demonstrates the cleanliness of the molecular structure over large areas of several hundredÅ, limited by domain boundaries or step edges.
This pulse valve technique is a very suitable method to deposit large functionalized molecules, because the experimental set-up is rather simple. However, a precise control of the molecular coverage is not straightforward and presumably depends on the formation of small droplets at the orifice during the valve opening. A more complex method is the electrospray deposition in vacuum where the molecules are not directly deposited from the solution, but from a solution mist [54, 55, 57, 58] . This method, which is presented in figure 2 .4(a), requires much more experimental effort, because the molecular beam passes several chambers of different background pressures. In this way, a pressure during deposition is obtained, which is several orders of magnitude lower than that during deposition by a pulse valve [59] . Furthermore, it has been shown that the composition of the created molecular beam can be analysed in an elegant way by time-of-flight mass spectrometry [60] .
This electrospray deposition technique involves the formation of molecular ions at the emitter tip (E), which is held at a high voltage. When these ions are hitting the sample, the spray current is determined as a measure of the molecular flux. The tip-sample distance is usually minimized for an optimal flux, but still allowing complete desolvation. Similar to the pulse valve technique, there is no size limit for the molecules and the only limit is given by the solubility of the molecules. Recently, it has been shown that the electrospray deposition is even non-destructive for a previously prepared hydrogen-bonded supramolecular network on the surface, which maintains its structure upon deposition of additional fullerene molecules [55] .
An example of this technique is presented in figure 2 .4(b), where fullerene molecules were deposited onto an Au(111) surface [58] . Due to their high mobility on the surface, decoration of the step edges by these molecules is observed. For comparison, the same electrospray preparation was repeated with a pure solution, i.e. without fullerene molecules (figure 2.4(c)). After spraying for the same duration and in the same sample position, no features are observed at the step edges, which confirms that the step decoration was due to C 60 and not solvent molecules. A further development in the electrospray method consists of the additional use of a quadrupole for mass separation at the end of the pumping stages [56] . By applying different voltages to the rod pairs of the quadrupole, the mass-to-charge-ratio of the molecular ions can be chosen within a well-defined range. In this way, the molecules that pass the quadrupole can be selected by their mass and small fragments can be sorted out [56] . After leaving the quadrupole, the mass-selected molecules reach the deposition chamber.
A 'dry', i.e. solvent-less, deposition technique has been developed for carbon nanotubes, where the use of a solution can create structural damage [61] . This so-called 'dry contact transfer' is performed in situ and can be used for nonvolatile and insoluble molecules [62] . A fibreglass sheath is first covered macroscopically with nanotube powder and then transferred into ultrahigh vacuum. After degassing the sheath in situ, it is brought into direct contact with the clean, freshly prepared surface at room temperature. Figure 2 .5 shows a single carbon nanotube end that has been deposited on a hydrogen-terminated Si(100) surface by dry contact transfer. Both the nanotube and the surface can be resolved atomically (the chiral structure of the nanotube can be clearly seen), showing that this method is accompanied by a rather low level of contamination. Moreover, carbon nanotubes can be primarily found isolated by this method [62] , facilitating their investigation by local probe techniques. Although this method is suitable for carbon nanotubes where the intact ends of single long nanotubes can be observed (figure 2.5), it seems less attractive for other, short, molecules where the molecules probably adsorb in huge clusters and it might be very difficult to find entire molecules in an intact surface area.
Intramolecular manipulation
The controlled manipulation of single molecules on surfaces with the tip of a scanning tunnelling microscope is of great interest for a detailed understanding of the molecular functions.
Intramolecular conformations or molecular adsorption positions/geometries can be achieved on a surface, which often would not be present after sample preparation, because they are energetically not favoured [63, 64] . At cryogenic temperatures (where molecular manipulation is usually done) instead, molecular configurations are 'frozen' due to the small thermal energy available. Furthermore, manipulation experiments not only give detailed insight into the molecular configurations and motions on a surface, but represent also a very interesting set-up for the study of interatomic forces (between STM tip and molecule) at atomicscale distances. The various forces, active in such a junction, can in a first approximation be described by the LennardJones potential (as a function of the interatomic distance between two noble gas atoms), consisting of attractive van der Waals [65] and repulsive interactions (Pauli repulsion). The repulsive forces can, in contrast to the attractive ones, become very large at small interatomic separations. In the case of STM manipulation, chemical interactions and the role of the tunnelling current and the applied electric field must be taken into account. These forces can be studied during manipulation with high spatial precision if the relevant parameters (lateral and vertical tip position, applied bias voltage and tunnelling current) are systematically modified. For intramolecular manipulation experiments, molecules with several clearly defined conformations, which give rise to different appearances in STM images, are desired. In this way, the achieved changes in the images before and after the manipulation experiment can be characterized. This is the case at low temperatures where spontaneous modifications can be excluded, while at elevated temperature thermally induced spontaneous conformational changes can occur, for instance between different enantiomers [67] . Figure 3 .1 shows manipulation experiments with Cu-tetra-3,5 di-terbutyl-phenyl porphyrin (Cu-TBPP) molecules on a Cu(211) surface [66] . These molecules consist of a central porphyrin ring and four di-ter-butyl-phenyl legs that are attached laterally. Each of the legs is able to rotate around its σ -bond out of the porphyrin plane, resulting in two characteristic conformations of each leg, shown in figures 3.1(a) and (b). The rotated leg, i.e. the ON state, appears in (b) higher than the other ones (in the OFF state flat on the surface), due to the modified configuration.
Various manipulation experiments, moving the tip laterally across the molecule or approaching it vertically, could show that it is possible to induce the rotation of a single leg with the STM tip. Figure 3 .1(c) shows the current during a vertical manipulation, where the tip is approached from a height of 7Å above the surface (the vertical feed z is plotted on the x axis). The approach curve (from left to right) reveals various features that can be assigned to the different stages of a leg rotation. In the beginning, the current grows exponentially, due to the tip approach through vacuum, until the molecule is in van der Waals contact with the tip (at about 1.7Å) and a plateau is visible. The constant current in this plateau region (around 2.5Å) is due to the rotation of the leg under the influence of the tip until it reaches the planar orientation (and the current increases again). Hence, the tip is pushing a single leg downwards as a result of the repulsive forces between tip and molecule at small distances, bringing it from the ON to the OFF state, while the rest of the molecule remains unchanged. This conformational change is confirmed in STM images that are taken afterwards. On the other hand, the retraction curve (from right to left in figure 3.1(c) ) is a straight line. This exponential decay is characteristic for a tunnelling junction and shows that the leg is not pulled upwards and the manipulation is not reversible. A similar experiment, rotating a molecular group within a molecule, has been done with molecular wheel-dimers where one of the two wheels is rotated under the influence of the STM tip [43] . Due to the nature of the molecule and its adsorption configuration, this intramolecular conformational change leads, as intended, to the rolling of the entire wheel-dimer molecule.
Porphyrin molecules are very suitable for intramolecular manipulation experiments, not only because of the possibility to attach molecular side groups and to rotate these groups as presented above. The porphyrin ring itself can have various conformations, planar and non-planar ones [69] . In an experiment by Ho and co-workers [68] , the internal conformation of the central porphyrin ring is modified by intramolecular manipulation, going from a bowl-like configuration (type I in figure 3.2(a) ) to a planar one (type II in (b)) and vice versa. The corresponding change of the molecular appearance can be clearly seen in STM images. The driving force for these conformational changes is determined by analysing the variation of the threshold voltage as a function of the tip height ( figure 3.2(c) ). While the transition from type I to type II is caused by inelastically scattered tunnelling electrons, the transition from type II to type I (lower dataset in (c)) shows a linear relationship between voltage and tipsurface distance. This linearity reveals that a constant electric field (of 0.26 VÅ −1 ) is required to induce the conformational change and thus that the intramolecular manipulation is driven by the electric field in the STM junction. Another example for intramolecular manipulation concerns molecular switches that undergo a reversible transition between stable states with characteristic physical or chemical properties [70] . The manipulation induces here not simply a conformational change, but an isomerization of the molecule (between trans and cis isomers) that is accompanied by changes in its electronic structure and optical properties. Such isomerization processes are well studied in solution, where the switching is typically achieved by illumination with light (photo-isomerization) [71] . Figure 3 .3 shows for 3,3 ,5,5 -tetra-tert-butyl-azobenzene molecules (meta-TBA) that such processes can also be induced with an STM tip on an Au(111) surface (photo-induced switching has recently also been observed for the same system [72, 73] ). After deposition, the molecules are found in the trans state in highly ordered islands, due to their mobility at room temperature (a single molecule is presented in the upper panel of figure 3.3) . The cis conformation (lower panel; a molecule within an island is visible in (d)) can be achieved experimentally by applying voltage pulses [27, 74, 75] . Note that this process is reversible, restoring precisely the initial appearance of a molecule after an entire switching cycle (from trans to cis and back to trans) by applying voltage pulses. Detailed analysis shows that it is, under certain conditions, driven by the electric field in the STM junction [74] . The good agreement between the STM ((a) and (d)) and the calculated images ((b) and (e)) confirms that the observed changes are due to isomerization processes. The molecular structures of the planar trans and the non-planar cis isomer on the surface (figures 3.3(c) and (f)) are very different, similar to their structures in the gas phase [76] . Scanning tunnelling spectroscopy measurements have shown that their electronic structure is also modified during isomerization as an unoccupied molecular orbital is found at lower energies for the cis than for the trans isomer. Such energetic shifts of molecular orbitals are expected and absorption spectra of these meta-TBA molecules in solution exhibit absorption bands at different positions for the two isomers, which is characteristic for azobenzene derivatives [74] . Note that the direct environment of each individual molecule, i.e. the surface and the surrounding molecules, can have a profound influence on the switching capability [75] .
The experiments presented above show that intramolecular manipulation can be done in a very controlled way with single molecules, taking advantage of either chemical or electrostatic forces between the STM tip and the molecules. In the following, it will be shown with the so-called Lander molecules how different mechanisms can be explored with one and the same manipulation process. These molecules, synthesized by Gourdon [77] , consist of a central board and four lateral 3,5-di-tert-butylphenyl spacers ('legs'), which lift the central board up from the substrate.
Various types of similar Lander molecules exist: the so-called single Lander (SL) (C 90 H 98 ) [79] [80] [81] [82] [83] [84] [85] [86] , which has recently also been studied spectroscopically [87] , and reactive Lander (RL; C 94 H 98 ; shown in figure 3.4(a) ) [63, 78] molecules differ only in a double bond at both end groups of the molecular wire. In the case of the violet Lander (VL; C 108 H 104 ), the central part of the molecular wire is elongated, thus increasing the leg separation [88] [89] [90] [91] [92] . Recently, the moulding capability of the novel DAT Lander has been studied [93] . The largest member of the Lander family is the D-Lander (C 178 H 190 ) , having a 3.7 nm long molecular wire and eight legs, i.e. four di-tert-butylphenyl groups on each side of the wire [39] . Although spacer groups elevate the molecular wire, it turned out that it is not completely decoupled from the surface. A comparison of several types of Lander molecules, differing in the length of the molecular wire, showed that the scattering pattern of the surface state electrons is dominated by the central board, which thus still interacts with the metal substrate [94] .
The lateral legs of the molecules are approximately perpendicular to the central board when the molecules are not interacting with a surface or other molecules [77] . However, after adsorption on a metal surface the π-system of the polyaromatic board is pulled towards the substrate and thus the legs are rotated (around their σ -bond). Consequently, two different molecular conformations are present, the so-called parallel legs' and crossed legs' conformations (figure 3.5), where the two pairs of legs on each side of the central board are oriented in the same or in opposite directions, respectively. As a result of the steric hindrance between the butyl groups the two legs on the same side of the board are always parallel.
When STM images are taken of these molecules, the molecular appearance is mainly given by the bulky di-tertbutylphenyl groups. Hence, four bright lobes reflect the four legs of the molecule, while the central board contributes much less to the tunnelling current ( figure 3.4(c) ). Interestingly, two legs appear higher than the other two (i.e. they give a larger contribution to the tunnelling current at constant height), even though their real height above the surface is the same. This effect, which is caused by additional tunnelling channels through the molecule and has been confirmed by comparison with molecular mechanics-elastic scattering quantum chemistry (MM-ESQC [96] ) calculations [80] , enables the conformation from the intensity distribution in the STM image to be determined [95] .
Single Lander molecules on Cu(110) are of particular interest as their adsorption causes the-thermally activated- formation of nanostructures of copper atoms, because the molecules act as templates for the formation of a double row of copper atoms (seven atoms long) underneath them (schematically shown in figure 3 .4(b)) [81] . The shape of the nanostructures, with the height of the upper substrate terrace, is thus determined by the molecules themselves. Calculations (ESQC) have shown that the central board is lifted up by the nanostructure by more than 1Å, which reduces the steric constraint on the leg-board σ -bonds and leads to a larger distance between two opposite legs in the STM image (compared to adsorption on a terrace) [81] . After these first observations for single Landers, the deposition of reactive Lander molecules onto Cu(110) shows exactly the same phenomenon, causing copper nanostructures after removal of the molecules [63] . The same nanostructure dimensions are observed, according to the almost identical chemical composition. However, the nanostructures are nine atoms long for violet Lander molecules, due to the longer central board of the molecule [90] .
This adsorption geometry is highly interesting by means of intramolecular manipulation experiments, because the central board of the molecule is lifted upwards, giving more motional freedom to the molecular legs. In such a configuration, it should in principle be possible to induce intramolecular conformational changes without dislocating the molecule on the surface, which is typically not possible for molecules that are adsorbed on a metallic terrace. The idea of the following manipulation experiments is therefore to induce a rotation of one pair of legs (i.e. switching from the crossed legs to the parallel legs' conformation or vice versa), while keeping the rest of the molecule fixed.
Calculations of the total conformational energy [85] are presented in figure 3.6. While the central molecular board and one pair of legs are kept in an unchanged position, the other pair of legs is rotated around φ. Two distinct energy minima are found, which correspond to the crossed and parallel legs' conformations. This intramolecular bistability of the di-tertbutyl-phenyl groups (legs) renders the Lander-nanostructure configuration very interesting by means of manipulation, because it should in principle be possible to rotate one pair of legs. Note that there is an energy difference of E between the two conformations, indicating that the manipulation from parallel to crossed legs (PL → CL) should require smaller forces than the opposite manipulation (CL → PL).
One possibility to change the intramolecular conformation is lateral manipulation, i.e. scanning the STM tip across the molecule. This can only be done if the applied forces are sufficient, but at the same time small enough to avoid lateral displacement of the entire molecule; thus the tip height must be in a suitable range [85] . Although it could be shown that in this way each pair of legs can be rotated and the molecule is switched between parallel legs and crossed legs conformations, the reliability of the process is not perfect. The pair of legs, which should be rotated, cannot be precisely chosen. Furthermore, in a few cases displacement of the entire molecule is induced. Thus, the control over the manipulation is limited.
This lack of precision is eliminated in the case of the so-called vertical approach manipulation. Figure 3 .7 shows schematically the basic principle and experimental set-up of this manipulation mode: at constant bias voltage and while maintaining the lateral tip position fixed, the STM tip is approached vertically towards the molecule until one pair of legs rotates, changing the molecular conformation.
A successful manipulation shows up as an abrupt increase in the tunnelling current during the tip approach, due to the decreased tip-leg distance. Imaging the molecule afterwards confirms the successful manipulation as the desired appearance, i.e. conformation, is obtained. Note that only attractive interatomic forces can cause this conformational change, which turns out to be of great advantage (as discussed below).
A series of manipulation steps with one and the same molecule is shown in figure 3 .8. Starting with the initial parallel legs (PL) configuration (the most common one observed after deposition [85] ) (a), one pair of legs is rotated, leading to the crossed legs (CL) conformation (b). Then the other pair of legs is manipulated, creating the second PL conformation (c). After another CL conformation (d), the initial configuration (e) is achieved. As can be seen in the final STM image, this configuration is perfectly equivalent to the initial one. Hence, all possible conformations can be induced by this manipulation mode, which can hardly be done by the common modes that include strong repulsive forces.
This manipulation mode is non-destructive, neither for the tip nor for the molecule, because only attractive forces are used. The resulting high reliability leads to a very high rate of successful events of more than 99% and thus enables the same conformational change on the same single molecule to be repeated many (>100) times (a movie is available in the supporting information of [78] ). Notice that in a repulsive mode (as for the Cu-TBPP molecule discussed in figure 3 .1 above), pushing on a leg holds the risk of damaging the STM tip and/or the molecule because repulsive forces become very large at small distances. The presented manipulation mode is therefore of great interest for a detailed understanding of the interatomic forces present during molecular manipulation, because one and the same molecule must be manipulated many times to allow parameter analysis. The use of manipulation data from different molecules would smear out the characteristic values, because the potential barrier height and thus the required threshold tip height can change from one molecule to the other, due to the local atomic environment at the step edge. It is therefore important to study the dependence of the process on the manipulation parameters always for one and the same molecule within one series.
The tip height, at which the manipulation process occurs during the approach, turns out to be characteristic for the conformational change.
By analysing many equivalent manipulation processes (of a conformational change PL to CL) a threshold value of z is determined (with respect to the starting tip height of about 7Å), below which (i.e. at larger tip heights) no conformational change can be induced. The dependence of the quantum yield, i.e. the number of events per tunnelling electron, on the lateral distance d o between tip and leg in the [110] direction (defined in figure 3.7) shows a maximum at about 4Å [78] . This value is therefore used in all manipulation series. The dependence of the quantum yield on the bias voltage reveals values of more than 10 −10 events/electrons at voltages above 150 mV (at a fixed tip height: z = 3Å), while no conformational change can be induced at voltages below 50 mV. A threshold voltage of 110 ± 30 mV is determined, showing that the manipulation process depends not only on the tip apex-molecule distance, but also on the bias voltage.
The fact that the tip has to be approached in front of the molecule points to a directional force driving the manipulation. This observation is confirmed when the STM tip is positioned at various angles θ off the [110] direction, always at the same height and lateral distance from the molecular leg to be manipulated, leaving the tunnelling current constant. While at large θ no conformational change can be induced, the quantum yield rises at smaller θ , revealing a maximum when the tip apex is positioned in front of the molecule. Furthermore, it turns out that the quantum yield is smaller (the current is larger as the tip must be closer to the surface) for conformational changes from crossed to parallel legs than for the opposite direction (PL to CL), due to the higher barrier for this conformational change (see figure 3.6(b) ) and therefore need of larger forces [78] .
As the driving force of the manipulation is directional and depends both on the tip height and the bias voltage, the process is likely driven by the electric field in the junction. It is known that electric-field-induced forces come into play when working with an STM [10] : electric-field-induced diffusion requires permanently charged atoms or molecules [97] while interaction between the electric field and a dipole occurs when a local dipole moment is induced in the adsorbate [68] . The studied Lander molecules exhibit no permanent dipole moment. The presented experimental results are thus interpreted by the electric field which induces a dipole moment in the molecular legs [78] . The conformational change is achieved by the electrostatic force acting on them in the presence of the electric field in the STM junction.
To confirm this interpretation, the threshold voltage is determined as a function of the tip height ( figure 3.9(a) ). Each data point corresponds to one single manipulation process, where (at a given z) the bias voltage is raised slowly until the conformational change occurs. The result shows that the conformational change can be successfully induced over a tip height range of 3Å. The necessary bias voltage changes in this range and reveals an approximately linear relationship between the tip-molecule distance and the applied voltage if z is below 3.7Å. This dependence demonstrates the dipoleelectric field interaction character. Ideally, the relationship between U and z should be linear, with a deviation at small tip heights. Notice that, above z = 3.8Å, no bias voltage has to be applied for a successful PL to CL conformation change. The rotation of the legs is induced by positioning the tip at a sufficiently small tip height between the leg and the tip apex. Hence, chemical forces drive the intramolecular manipulation at these tip heights. Note that these chemical forces are attractive, in contrast to the case discussed above ( figure 3.1) .
The potential barrier between the two leg orientations drops upon the tip approach and E PL goes to zero ( figure 3.9(b) ), similar to the manipulation of single Co atoms on Cu(111) [98] . When inducing the opposite conformational change (from CL to PL), the threshold voltage does not go to zero but decreases to minimum values of ±200 mV. This behaviour is due to the asymmetry of the double potential well profile, because the potential barrier is always present and E CL does not go to zero but reaches a constant (finite) value at very small tip heights [78] .
It is not possible to determine a threshold voltage for z larger than 4.4Å, because no rotation of the legs can be induced as long as the tip is very close. At z = 4.5Å the current signal increases linearly (figure 3.9(c)), because the bias voltage is raised from 0 mV to −300 mV and exhibits no jump until the tip is retracted (at time t 1 ). However, an abrupt increase in the current signal is observed immediately afterwards (at time t 2 ). This shows that the small distance between tip and molecular leg suppresses the conformational change by hindering the leg to rotate, but as soon as the tip apex is out of this repulsive force range the conformational change of the molecule occurs.
An important observation that points against inelastic tunnelling processes, which could induce the conformational changes together with a deformation of the potential landscape upon the tip approach, is made at high tunnelling voltages. It has been checked if larger bias voltages can induce the conformational change when the tip is not positioned in front of the molecular leg. It turned out that no conformational change can be induced at all (at tip heights in the z range of −2 to +3Å and resulting currents up to 25 nA) if the tip is positioned sideways or above the molecular leg, even at voltages up to 3 V [78] . Instead, the tip apex is modified or the molecule slightly changes its lateral position (retaining its conformation) or even dissociates.
These experiments show that it is possible to induce all possible conformational changes to the molecules with very high precision and reliability. Various interatomic forces, active during molecular manipulation, are characterized (figure 3.9(d)): at large tip heights electrostatic forces on the dipole moment induced in a molecular leg are invoked while chemical forces are observed when approaching the tip (no bias voltage necessary). In addition to these attractive forces, the regime of repulsive forces is reached at very small tip heights.
Finally, it should be mentioned that even molecules, which exhibit only one stable conformation when adsorbed on a surface, can undergo an intramolecular change if an STM tip is approached sufficiently, because they are compressed if the necessary repulsive forces are applied with the STM tip. However, such a modified structure is unstable in the absence of the STM tip and the process does therefore not represent an intramolecular manipulation between stable states. shows an example, where the configuration of a fullerene molecules in a tunnelling junction has been calculated for different tip-surface distances. When the tip is far away (a), the C 60 molecule maintains its stable structure, but when the tip is approached (b), it is strongly deformed. However, a more recent study of the same system, proposing that the molecule remains almost spherical with only small relaxations of carbon-carbon bonds, is in contradiction to this result [99] .
Conclusions
It has been shown that the deposition of organic molecules onto a surface under ultrahigh vacuum conditions is not a trivial task if the molecules exceed a certain size. Such conditions are easily reached if specific functions are incorporated into a molecule. Furthermore, the use of low temperatures during the measurements enables the visualization of solvent molecules, which diffuse at room temperature. The presented techniques differ, on the one hand, in their complexity and the required experimental effort and, on the other hand, in the cleanliness and precision of the preparation. It is thus necessary to choose the best method, suitable for the available experimental set-up and required for the scientific question. In the future, it will be of interest to improve the control over the molecular coverages with these methods. At the moment, it is still difficult to predict a molecular coverage from the experimental deposition parameters, although this would be an important condition for a quick and easy deposition technique. In particular, if single molecules should be studied, it is necessary to deposit very small amounts of molecules in the sub-monolayer regime with high precision.
In the second part of this review, several examples of intramolecular manipulation by directional forces are presented. Different studies exist, where the conformation of a molecule has been changed without the use of inelastic tunnelling effects and without a lateral dislocation. In particular, the latter condition is important, because a lateral motion would be accompanied by a change in the adsorption site on the surface and thus a possible modification of the potential barriers for conformational changes. By using chemical or electrostatic forces, molecular side groups (i.e. legs) could be rotated, the internal configuration was modified and isomerization processes were induced reversibly.
In particular, the case of a leg rotation of a so-called Lander molecule turns out to be very interesting, because very high rates of success of more than 99% could be achieved. Such a reliable manipulation process allows a detailed study of the present interatomic forces and the intramolecular changes. This is a very specific case though and for future experiments it would be of interest to apply this technique to a wider range of molecules. By reliably performing intramolecular manipulation with a high rate of success, the influence of the surface or of specific molecular side groups on the conformational changes could be studied systematically.
